Two-dimensional transition metal dichalcogenides (TMDCs), as promising alternative plasmonics supporting materials to graphene, exhibit potential applications in sensing. Here, we propose an ultrasensitive, accurate long-range surface plasmon resonance (LRSPR) imaging biosensor with two-dimensional TMDC layers, which shows higher detection accuracy than that of conventional SPR biosensor. It is found that the imaging sensitivity of the proposed LRSPR biosensor can be enhanced by the integration of TMDC layers, which is different from the previous graphene-based LRSPR or SPR imaging sensor, whose imaging sensitivity usually decreases with the number of graphene layers. The sensitivity enhancement or degradation effect for the proposed chalcogenidecytop-gold-TMDCs based biosensor depends on the thickness of gold thin film and cytop layer. 
I. INTRODUCTION
Surface plasmon resonance (SPR) has been widely employed for sensing applications [1] [2] [3] [4] , such as gas sensing, temperature sensing, and biosensing, during the last two decades due to its high sensitivity and reliability. In general, the sensing principle of SPR sensor is the utilization of the exponentially decaying fields of a surface plasmon wave (SPW) propagating along the metal-dielectric interface, which is highly sensitive to the ambient refractive index (RI) variations, such as induced by bioaffinity interactions at the sensor surface. One of the common techniques for SPWs excitation is the Kretschmann configurtion [5] , in which the base of glass prism is coated with a metal thin film, and the SPW at the metal-sening layer interface was excited by a p-polarized incident light beam when the parallel component of the incident light wave vector k x matches with the wave vector of SPW k sp :
where λ 0 is the incident wavelength in vacuum, n prism is the RI of prism, θ is the incident angle, ε m and ε d are the dielectric constants of the metal film and dielectric layer (i.e., sensing layer), respectively. The successful excitation of SPWs results in a minimum reflectance whose value and position are extremely sensitive to the sensing layer RI variations. For SPR sensor with angle modulation, the wavelength of incident light is fixed, and the resonance angle serves as an output signal of the SPR sensor. However, one disadvantage with the angular interrogation technique is that it does not allow the parallel monitoring of numerous biomolecular interactions at a time. SPR imaging sensors have been proposed and demonstrated to overcome the limits on the parallel monitoring [6] [7] [8] [9] [10] [11] . In the SPR imaging sensor, the incident angle is fixed, the spatial variations in reflectivity induced by the ambient RI changes are measured. In addition, the SPR imaging sensor is more manoeuvrable since the imaging technique does not require movement of any components of the SPR imaging sensor.
Another problem of the SPR sensor is its broad SPR curve, which limits the detection accuracy (DA). Long-rang SPR (LRSPR) is an effective way to improve the sensor's DA and sensitivity. Long-rang surface plasmons (LRSPs) first predicted by Sarid [12] are surface electromagnetic waves propagating along thin metal film that embedded between two dielectric layers with similar RIs. LRSPR has narrower reflectance-angle curves, longer evanescent field penetration depth and higher electric field at the metal-dielectric interface as compared to conventional SPR (cSPR) [11, [13] [14] [15] [16] [17] , which in turn improves the sensitivity and DA of SPR sensors.
Graphene, a two-dimensional (2D) sheet of carbon atoms, has been extensively studied in recent years due to its fascinating physical and chemical properties [18] [19] [20] . As a plasmonics supporting material [21, 22] , graphene has been employed for sensing applications [23, 24] .
In addition, the combination of graphene and metal thin film has demonstrated to improve the sensor sensitivity [25] [26] [27] . For example, an angular sensitivity enhancement of 25%
can be achieved with 10 layers of graphene deposited on gold (Au) film for prism-coupled SPR sensor [25] . The successful applications of graphene in sensing area has ignited the motivation to explore other 2D material in sensing applications. One example is the 2D [33, [35] [36] [37] . In addition, the TMDC layers also serve as biomolecules absorption mediums [38] [39] [40] . The imaging sensitivity enhancement or degradation effect for the proposed LRSPR biosensor are investigated, which is found to be dependent on the thickness of Au thin film and cytop layer. The proposed TMDCs mediated LRSPR imaging sensor shows an ultrahigh imaging sensitivity of more than 4000 RIU −1 with a high DA of more than 120 deg −1 .
II. DESIGN CONSIDERATION AND THEORETICAL MODEL

A. RIs of various layers
In the designed SPR sensor, the coupling prism is 2S2G glass prism, a promising candidate for the design of SPR sensor due to its high RI and broad operating window. The wavelengthdependent RI of the 2S2G prism is [41] n 2S2G = 2.24047 + 2.693 × 10
where the wavelength λ is given in µm. The RI of Au film is given by
according to the Drude-Lorentz model [42] . Here, λ p (1.6826×10 −7 m) and λ c (8.9342×10
m) are the plasma wavelength and collision wavelength of Au, respectively. The thickness of monolayer graphene is 0.34 nm and its RI in the visible range is given by [43] n graphene = 3.
where the constant C 1 ≈ 5.446µm −1 , and λ is the wavelength in µm. [34] . The RI of cytop layer in LRSPR sensor is 1.3395 at λ = 633 nm [44] , which is close to the RI of sensing layer, n s = 1.330.
B. Sensor performance parameter: sensitivity and detection accuracy
The reflectance of a prism-coupled SPR sensor can be calculate with a generalized N-layer model [45] . For p-polarized incident light beam, the reflectance R p is given by
where
and
Here, n k and d k are respectively the RI and thickness of the kth layer with k varies from 2 to N − 1. The first layer and the N th layer are the 2S2G prism and sensing layer, respectively.
λ is the wavelength of excitation light, and θ 1 is the incident angle. A variation of the sensing layer RI will cause a change in the resonance angle θ res as well as the reflectance R p , then the angular sensitivity of SPR sensor is defined as
For SPR imaging sensor, the spatial changes in reflectance R p , induced by the ambient RI variations, are measured at a fixed incident angle. The imaging sensitivity is given by
In addition to the sensitivity, another important sensor performance parameter is DA, which is defined as the reciprocal of full width at half maximum (FWHM):
Narrower FWHM, i.e., higher DA, helps the accurate measurement of the reflectance minimum or resonance angle. Therefore, for a SPR sensor with excellent performance, both the sensitivity and the DA should be as high as possible.
C. Angle modulated SPR sensor
Firstly, we compare the angular sensitivity of graphene-and TMDCs-based cSPR sensor with angle modulation. The prism-coupled cSPR sensor is shown in Fig. 1 beam with fixed wavelength λ = 633 nm is employed to excite the SPWs, and the reflectanceangle curve is obtained by scanning the incident angle. The angular sensitivity S angle for cSPR sensors with graphene and four TMDC materials (MoS 2 , MoSe 2 , WS 2 , WSe 2 ) is shown in Fig. 2 (a). For graphene-and TMDCs-based cSPR sensor, the angular sensitivity increases with the number of 2D material layers. This enhancement can be attributed to the charge transfer from 2D material to the surface of Au thin film [37, 46] , which in turn enhances the electric field distribution at the sensing surface. However, graphene cSPR sensor shows lower angular sensitivity and sensitivity growth rate than that of TMDCs-based cSPR sensor. WS 2
shows the highest angular sensitivity, and a sensitivity of ∼ 100 deg/RIU was obtained with 9 layers WS 2 , while ∼ 41 deg/RIU for 9 layers graphene-based cSPR sensor. This indicates that TMDCs can be a good candidate for RI sensing applications. However, these cSPR sensors exhibits a low DA (< 1 deg −1 ) and decreases with the number of layers. To overcome the low DA of TMDCs-based cSPR sensor, we proposed a LRSPR sensor (see Fig. 1(b) ), in which a cytop layer was embedded between the 2S2G prism and the TMDCs coated Au thin film. As shown in Fig. 3(a) , the LRSPR sensor with 20 nm thick Au film shows narrower reflectance-angle curve (i.e., smaller FWHM) than that of cSPR with 50 nm Au film (typical metal thickness in cSPR sensor), which in turn improves the DA of sensor.
In cSPR sensor, SPWs are excited at the interface of metal-sensing layer, while SPWs are exist at both interfaces of Au-sensing layer and Au-cytop layer (see Figs. 3(c)-(d) ). The coupling of these two SPWs gives rise to LRSPR, which shows larger field penetration into sensing layer (545 nm vs. 189nm for cSPR). Typical thickness of the Au film for LRSPR is 15 -30 nm to provide a strong coupling between the two SPWs. In addition, LRSPR has more flexibility to tune cytop thickness to optimize the sensing performance. The imaging sensitivities of cSPR and LRSPR sensor are shown in Fig. 3(b) , which exhibit positive and negative peaks. Here, for convenience we only consider the positive peak imaging sensitivity which is referred to as imaging sensitivity in the following. It is found that the LRSPR sensor exhibits higher imaging sensitivity than that of cSPR sensor. Therefore, in the following, we will focus on the imaging sensitivity and DA of TMDCs-based LRSPR imaging biosensor. The reflectance and imaging sensitivity of graphene-and TMDCs-based LRSPR imaging sensor are shown in Figs. 4(a) and (b) , respectively. It is found that the imaging sensitivity has improved with the combination of 2D materials (graphene and TMDCs) and Au film.
III. RESULTS AND DISCUSSION
However, these 2D materials LRSPR sensors show degraded DA as compared to that of Au-based LRSPR sensor (see Table. I), which is a result of the increased damping surface plasmon oscillations with the introduction of absorbing 2D materials. The LRSPR sensor with MoS 2 -on-Au structure has the highest imaging sensitivity and the lowest DA. Despite this decreased DA, it exhibits more than 7-fold enhancement in comparison with that of 2D material-based cSPR sensor (see Fig. 2(b) ). respectively. In addition to the sensitivity enhancement with the employment of TMDCs in LRSPR sensor (see Table I ), we also found that the TMDC layers degrades the LRSPR sensor sensitivity as compared to the TMDCs-devoid setup. The imaging sensitivity enhanced and case 2). This imaging sensitivity enhancement for the proposed LRSPR imaging biosensor is different from the previous graphene-based LRSPR or cSPR imaging sensor, in which the imaging sensitivity are usually decreases with number of graphene layers [8, 42, [47] [48] [49] (similar to the case 1). In the following, we will investigate the LRSPR sensor performance in the two cases.
The effect of multiple TMDC layers on the imaging sensitivity for case 1 is shown in Fig. 6(a) . In this case, the imaging sensitivity decreases with the number of TMDC layers, which exhibits lower sensitivity than that of Au-based LRSPR sensor. The degradation of sensitivity can be attributed to the non-zero imaginary part of RI which in turn increases the plasmon damping with multiple TMDC layers. The DA for LRSPR sensor (Fig. 6(b)) deceases with the number of TMDC layers due to the broader reflectance-angle curve, which is a result of the presence of absorbing TMDC layers. Here, MoS 2 -based biosensor has the minimum DA, while WS 2 biosensor exhibits the maximum DA. This is because that WS 2 has a minimum imaginary part of the complex RI at wavelength λ = 633 nm, while MoS 2 has the maximum imaginary part which causes a lowest DA. In addition, with the increasing number of TMDC layers, the resonance angle shifts towards higher incident angle, and the reflectance-angle curve of LRSPR sensor becomes shallower (i.e., higher minimum reflectance), as shown in Figs. 6(c) and (d) , respectively. For case 2, the imaging sensitivity first increases with the number of TMDC layers and then decreases, as shown in Fig. 7(a) .
An improved imaging sensitivity can be obtained for few layers of TMDC as compared to bare Au-based LRSPR sensor. It is found that the enhancement of imaging sensitivity can persist for 4 layers of MoS 2 and MoSe 2 sheet, while 7 layers of WS 2 and WSe 2 sheet. Similar to case 1, the DA and resonance angle decreases and increases with the number of TMDC layers, as shown in Figs. 7(b) and (c), respectively. Although the DA for LRSPR sensor in case 2 is lower than that of case 1, it is still much higher than that of cSPR sensor. For the minimum reflectance of reflectance-angle curve in case 2, it first decreases and the increases with the number TMDC layers, and exhibits a minimum value at 4 layers MoS 2 and MoSe 2 , while 7 layers for WS 2 and WSe 2 sheet (Fig. 7(d) ). Although the imaging sensitivity for LRSPR sensor with bare and monolayer TMDC coated Au film in case 1 is higher than that in case 2, the improved imaging sensitivity in case 2 becomes higher with two and more layers MoS 2 and MoSe 2 coated Au film, or with (Fig. 7(b) ). However, the deposition of 6 layers of MoSe 2 causes a reduction of the electric field norm at MoSe 2 /sensing layer interface which in turn degrades the imaging sensitivity of LRSPR sensor.
The RI of sensing layer is another important parameter for the sensor performance. The effect of sensing layer RI on the imaging sensitivity, DA and minimum reflectance is shown in Fig. 9 . In case 1, the imaging sensitivity for the proposed LRSPR sensor firstly increased and then decreased in the RI range of 1.300- with the sensing layer RI, and a high DA of more than 160 deg −1 can be obtained at sensing layer RI of 1.365 for the proposed TMDCs-based LRSPR sensor. However, it should be noted that the minimum reflectance of the reflectance-angle curve is also high (> 0.9) with sensing layer RI ≥1.350, and even higher than 0.99 at RI of 1.365 (see Fig. 9 (e)), which limits the practical applications of the LRSPR sensor. Unlike case 1, the imaging sensitivity for LRSPR sensor in case 2 increases with the sensing layer RI (1.300-1.365), as shown in Fig. 9(b) In addition, it can be seen from Fig. 9 (f) that the minimum reflectance of reflectance-angle curve at higher RI of sensing layer (> 1.330) is much smaller than that of LRSPR sensor in case 1.
It should be noted that the LRSPR sensor has a RI detection limit (n s = 1.370) in both cases. For sensing layer RI beyond this detection limit (i.e., n s ≥ 1.370), the proposed LRSPR sensor can not detect the ambient RI variations. To improve the RI detection limit, the cytop layer with RI of 1.3395 should be replaced with other higher RI dielectric layers, such as magnesium fluoride (MgF 2 ) which has a RI of ∼1.38. Moreover, the sensor performance of the TMDCs-Au based LRSPR biosensors can be further improved by replace Au with other metals, such as silver, aluminium and copper, which has narrower SPR curve as compared to Au-based SPR sensor.
IV. CONCLUSION
In this study, we explored an ultrasensitive LRSPR imaging biosensor with higher DA than that of cSPR biosensor, which in turn helps accurately measure the resonance dip. 
